Comparing water level estimation in coastal and shelf seas from satellite altimetry and numerical models by Rulent, Julia et al.
  
 
Comparing Water Level Estimation In
Coastal And Shelf Seas From Satellite
Altimetry And Numerical Models.
 
Julia Rulent1*, Francisco Mir Calafat2, Christopher J. Banks2, Lucy Bricheno3, Christine
Gommenginger2, Mattias Green1, Ivan D. Haigh2, Huw Lewis4, Adrien Martin2
 
1Bangor University, United Kingdom, 2National Oceanography Centre, University of Southampton,
United Kingdom, 3Marine Systems Modelling, National Oceanography Centre, United Kingdom, 4Met
Office Hadley Centre (MOHC), United Kingdom
 Submitted to Journal:
 Frontiers in Marine Science
 Specialty Section:
 Coastal Ocean Processes
 Article type:
 Original Research Article
 Manuscript ID:
 549467
 Received on:
 06 Apr 2020
 Revised on:
 02 Oct 2020
 Frontiers website link:
 www.frontiersin.org
In revi
ew
  
 Conflict of interest statement
 The authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest
  
 Author contribution statement
 
FC fundamental help with data analysis/interpretation and provided cryosat data.
CB provided Sentinel3A data and my supervisor during this work.
LB is my PhD supervisor, help with data analysis/interpretation and fundamental help in developing the paper.
CG  Help with data interpretation and display of inforation. Help with acquisition of information about the previous work done by
the satellite altimetry team.
MG is my PhD supervisor, help with data interpretation, work management and fundamental help in developping the paper.
IG is PhD co-supervisor, helped drafting and revising the work.
HL is PhD co-supervisor. Provided the numerical model data and helped understanding all aspects related to the numerical model.
AM supervised the project related to this study. Fundamental help in data analysis and interpretation.
All, FC , CB, CG and AM help learning and understanding satellite altimetry processes and difficulties related to this kind of
observation.
  
 Keywords
 
altimetry, numerical model, water level, comparison, Shelf sea
  
 Abstract
Word count: 261
 
Accurately resolving coastal Total Water Levels (TWL) is crucial for socio-economic and environmental reasons. Recent efforts in
satellite altimetry and numerical modelling have improved accuracy over near-shore areas. In this study we used data from tide
gauges (TGs), SAR-mode altimetry from two satellites (Sentinel-3A (S3) and CryoSat-2 (C2)), and a state-of-the-art high-resolution
regional coupled environmental prediction model (Amm15) to undertake an inter-comparison between the observations and the
model. The aim is to quantify our capability to measure TWL around the UK coast, and to quantify the capacity of the model to
represent coastal TWL. Results show good agreement between the satellite and TG data (the mean correlation (R) over seventeen
TGs between June 2016 and September 2017 is 0.85 for S3 and 0.80 for C2). The satellite-model comparison shows that the
variability is well captured (R=0.98 for both satellite), however there is an offset (-0.23m for S3, -0.15m for C2) between the
satellite and model data, that is near-constant across the domain. This offset is partly attributed to the difference in the reference
level used by the satellites and the model, and residual differences linked to the temporal resolution of the model. The best
agreement between model and satellite is seen away from the coast, further than 3-4km offshore. However, even within the
coastal band, R remains high, ~0.95 (S3) and ~0.96 (C2).  In conclusion, models are still essential to represent TWL in coastal regions
where there is no cover from in-situ observations, but satellite altimeters can now provide valuable observations that are
reliable much closer to the coast than before.
  
 Contribution to the field
High coastal water levels can represent a hazard to communities and coastal environments, therefor it is extremely important to
be able to accurately resolve them. There are several ways to evaluate coastal water levels, and different fields have recently
focused on improving the resolution of these areas which are extremely difficult to study. In this research we use altimetry data
from two different satellites (Sentinel-3A and Cryosat-2) as well as simulations from two state-of-the-art coupled high resolution
numerical models (Amm15 and UKC3). Both the satellite missions and the models were recently developed and aimed at better
resolving coastal regions. These are some of the most modern systems that can be used to assess water level values. In this paper
we show an inter-comparison between observations and simulations in order to understand how well we can resolve the absolute
value of water level in coastal regions. Our aim is to show the consistency between both systems and analyse what the differences
are between them in order to understand how confident we can be in our ability to resolve coastal total water levels.
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Abstract 16 
Accurately resolving coastal Total Water Levels (TWL) is crucial for socio-economic and 17 
environmental reasons. Recent efforts in satellite altimetry and numerical modelling have 18 
improved accuracy over near-shore areas. In this study we used data from tide gauges (TGs), 19 
SAR-mode altimetry from two satellites (Sentinel-3A (S3) and CryoSat-2 (C2)), and a state-of-20 
the-art high-resolution regional coupled environmental prediction model (Amm15) to undertake 21 
an inter-comparison between the observations and the model. The aim is to quantify our 22 
capability to measure TWL around the UK coast, and to quantify the capacity of the model to 23 
represent coastal TWL. Results show good agreement between the satellite and TG data (the 24 
mean correlation (R) over seventeen TGs between June 2016 and September 2017 is 0.85 for S3 25 
and 0.80 for C2). The satellite-model comparison shows that the variability is well captured 26 
(R=0.98 for both satellite), however there is an offset (-0.23m for S3, -0.15m for C2) between the 27 
satellite and model data, that is near-constant across the domain. This offset is partly attributed 28 
to the difference in the reference level used by the satellites and the model, and residual 29 
differences linked to the temporal resolution of the model. The best agreement between model 30 
and satellite is seen away from the coast, further than 3-4km offshore. However, even within the 31 
coastal band, R remains high, ~0.95 (S3) and ~0.96 (C2).  In conclusion, models are still essential 32 
to represent TWL in coastal regions where there is no cover from in-situ observations, but 33 
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satellite altimeters can now provide valuable observations that are reliable much closer to the 34 
coast than before.  35 
1. Introduction 36 
The UK is bordered by sea on almost all sides, with more than 12,000km of coastline open to large 37 
tides and strong storms from the Atlantic (Figure 1). These conditions make the UK extremely 38 
susceptible to coastal flooding – a process that was ranked in the National Risk Register as the most 39 
threatening natural hazard for the country (Home Office, 2017). Coastal flooding is driven by extreme 40 
sea levels, which are generated by combinations of astronomical tides, storm surges, waves, and their 41 
interactions. Being able to represent the Total Water Level (TWL), especially at the coast, is 42 
consequently of importance for both socio-economic and environmental reasons. For example, during 43 
the winter of 2013/2014, floods caused £1.3 billion damage, £592.1 million of which from coastal 44 
floods (Chartteron et al., 2016). In 2015/16, more than 17,600 UK properties were flooded, resulting 45 
in £1.6 billion of damage from coastal, river and surface water floods, and more than double this sum 46 
was subsequently invested in coastal defence or flood prevention (Home Office, 2017). 47 
 48 
TWLs can be evaluated using coastal TGs (Woodworth et al., 2015) or satellite data (Calafat et al., 49 
2017). Here, we consider “still” TWLs, which are the joint contribution of astronomical tides and 50 
surges, excluding the influence of waves and changes in the mean sea surface (MSS). Despite the high 51 
accuracy of TG observations, they come with some limitations: tide gauges provide a good temporal 52 
resolution but have limited spatial coverage. In contrast, satellite altimeters provide (near-) global 53 
coverage but poor temporal sampling (generally, every 10 days or longer depending on the satellite) 54 
(Soumekh, 1999; Musa et al., 2015) and with data quality issues near the coast (Cipollini et al., 2017). 55 
The application of numerical models to estimate TWLs allows some of the issues associated with the 56 
observation records to be addressed by providing information with uniform and high spatial and 57 
temporal coverage. The models also have their limitations because of physical processes and 58 
interactions that are not resolved by the model resolution and are poorly parameterized or missing in 59 
the model. Also, due to computational limitations, model simulations often need to be run on reduced 60 
spatial domains or on a lower than desired resolution. Overall, TWL is often estimated by a 61 
combination of observations and models, and many studies rely on both methods (e.g., Vousdoukas et 62 
al., 2016; Melet et al., 2018) to obtain an accurate TWL estimate. 63 
 64 
Recent advances in altimetry techniques now allow for satellites to provide observations closer to the 65 
coast than before (Benveniste et al., 2019; Vignudelli et al., 2019), making them more suitable to 66 
investigate near-coastal sea-level change (Beckley et al., 2010; Cazenave et al., 2018). It was shown 67 
that satellite altimetry provides valid uncorrupted measurements of sea surface height (SSH) over the 68 
open ocean, but that obtaining accurate values in the last 10km from land is still a challenge and calls 69 
for specialised coastal processing (Vignudelli et al., 2019). Many of these challenges have now been 70 
overcome with the new generation of Delay-Doppler or Synthetic Aperture Radar (SAR) altimeter 71 
instruments such as those flying on-board CryoSat-2 or Sentinel-3, which can provide uncorrupted data 72 
as close as 1km from land under favourable conditions (e.g., track orientation to the coast). 73 
 74 
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Following these ideas, sea level records from TGs, satellite observations, and predictions from a state-75 
of-the-art numerical model are applied to the estimation of the TWL within 100km from the UK coast. 76 
Data from seventeen TGs located around the UK and two recent SAR altimetry missions (Cryosat-2, 77 
Sentinel-3A) are used alongside high-resolution coupled model simulations from the Atlantic Margin 78 
Model (Amm15).  The aim is to examine the consistency between satellite and model data and analyse 79 
the differences, when and where they agree or disagree, advantages and disadvantages, to understand 80 
what our capability is to represent the total water level in coastal and shelf seas when combining the 81 
potential of both satellite observations and numerical modelling. The structure of the paper is as 82 
follows: The data and methodology are described in section 2. Results are presented in section 3 and 83 
then discussed in section 4. A summary and conclusions are in section 5.  84 
2. Data and methods 85 
2.1 Tide Gauge Data 86 
TGs data were obtained from the British Oceanographic Data Centre (BODC) for the period between 87 
01 June 2016 to 30 September 2017. Data from seventeen TGs from UK and Ireland are used. Locations 88 
are shown in Figure 1. The records provide measurements averaged every 15 minutes and are used to 89 
compare with the model and satellite data in regions close to the coast. Data can be downloaded at 90 
https://www.bodc.ac.uk/data/hosted_data_systems/sea_level/uk_tide_gauge_network/.  91 
2.2 Satellite data 92 
A new set of high resolution satellite altimetry data in SAR mode is obtained from the Copernicus 93 
Sentinel-3A (S3) satellite (ACRI-ST IPF Team, 2017). The S3 sea surface height anomaly (SSHA) 94 
includes contributions to water levels due to the tides and surges. Data is available at 1Hz posting rate 95 
(approximately every 7km along the satellite track) with the orbit repeating exactly every 27 days. The 96 
S3 data was obtained from the EUMETSAT distribution accessible at 97 
https://coda.eumetsat.int and https://codarep.eumetsat.int.  98 
The period considered in the paper is from 01 June 2016 to 30 December 2017. The S3 product provides 99 
the SSHA as a variable, from which we obtain the TWL by adding back the corrections for ocean tide, 100 
the contribution from atmospheric pressure as expressed by the inverse barometer effect, and the 101 
barotropic contribution from wind to high-frequency sea level variability (modelled using the Mog2D 102 
model). We note that the provided SSHA has had the standard altimetric corrections applied, including 103 
the tropospheric (wet and dry) and ionospheric path delays, and the sea state bias. The surface 104 
classification flag (surf_class_01), the ocean backscatter coefficient flag (swh_ocean_qual_01_ku) and 105 
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the altimeter range flag (range_ocean_qual_01_ku) available within the S3 products were then used to 106 
remove erroneous observations from the dataset.  107 
The second set of altimeter data was taken from the SAR Interferometric Radar ALtimeter (SIRAL) 108 
instrument on-board the ESA CryoSat-2 mission (C2). In this case, the 1Hz data covered the period 109 
from 01 June 2016 to 30 September 2017. Contrary to S3, C2 has more closely spaced ground tracks 110 
but a much longer repeat cycle of 369 days. Here we use data from the Cryosat-2 Level 2 Geophysical 111 
Ocean Products (GOP), which are distributed by ESA and are available for download via ftp at 112 
ftp://science-pds.cryosat.esa.int. We refer the reader to the CryoSat Product Handbook 113 
(https://earth.esa.int/documents) for a detailed description of the GOP data.  114 
For C2 GOP, SSHA data is not provided and the TWL is computed as follows. First, we subtract the 115 
corrected range from the altitude to obtain the SSH, and we then subtract the DTU10 (Andersen, 2010) 116 
and MSS from the SSH to obtain the total SSHA (here total means that no geophysical correction has 117 
been applied at this point). The corrected range is defined as the range corrected for tropospheric and 118 
ionospheric path delays, and for sea state bias. The TWL is then obtained by correcting the total SSHA 119 
for the solid earth, loading, and pole tides. Hence, both the ocean tide and the barotropic atmospheric 120 
contributions are retained. To remove anomalous records, we reject all records that have been flagged 121 
as bad by the quality control flags provided within the product files. The corrections held in the data 122 
products for S3 and C2 are not the same and therefore it is not possible to repeat the exact same 123 
calculations for both satellites.   124 
It is important to recognize that some of the altimetric corrections applied to the S3 and C2 data come 125 
from different sources and so might be different. This could lead to differences between the two 126 
altimetry datasets that would not be reflective of differing performances of the altimeters. It is 127 
important to keep this possibility in mind when interpreting the results of our analyses. 128 
2.3 Numerical model data 129 
The numerical model used in this paper is the regional coupled high-resolution Atlantic Margin Model 130 
(Amm15; Lewis et al., 2019), a coupled model joining the WaveWatchIII (WW3; Tolman, 2014) 131 
numerical wave model to the NEMO ocean circulation model (Nucleus for European Modelling of the 132 
Ocean, NEMO; Madec et al., 2008). The prescribed atmospheric forcing comes from ECMWF 133 
(Janssen and Bidlot, 2018). The configuration used is the ocean-wave coupled setting with no data 134 
assimilation (referred to as CPL_FR in  Lewis et al., 2019); the ocean model is coupled hourly to 135 
exchange information with the wave model. The domain is set on the North Western European shelf, 136 
with a spatial resolution of 1.5km at the coast and 3km across deep ocean regions. TWL data from the 137 
model are given with respect to the model equipotential reference level and include both tide and surge 138 
processes. Details of the meteorological forcing, boundaries and initial ocean conditions are described 139 
in Tonani et al. (2019).   140 
2.4 Quality control and collocation processing  141 
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TWL output from Amm15 (ocean-wave coupled) was compared against S3 from June 2016 to 142 
December 2017. The model output was compared to both S3 data and C2 data for the period from June 143 
2016 to September 2017. Sixteen months of data are covered by both satellites, which allows cross-144 
comparison of the model data with both satellites over the same period.  145 
The satellites are first compared to local in-situ observations from TGs allowing the inclusion of a third 146 
independent dataset in coastal areas. Observations taken at in-situ TGs may be influenced by physical 147 
processes that the numerical model does not account for, they may also differ from the satellites 148 
observation due to the distance between the satellite track and the local TGs. Therefore, when deciding 149 
which TGs are appropriate to compare with the satellite and only using sites where the model performs 150 
best, the Amm15 model was compared to all BODC TGs recording between the 01 June 2016 to 30 151 
September 2017. Only sites with more than 0.95 correlation and less than 0.30m RMSE when 152 
compared to the model’s closest point in space (within 1.5km) were considered in this work. Based on 153 
these criteria and on visual inspection of the records, 17 high-quality TGs located in UK and Ireland 154 
were selected. When comparing the satellite with TG data, only altimetry observations within 50km 155 
from land and within 100km from the TGs were used. To reduce the noise from altimetry records, the 156 
median value of all data recorded along the satellite track meeting the separation criteria and within 157 
the same minute was considered. The TGs values were interpolated in time to match the satellite 158 
overpasses. As some noise was still present in the records, the points where the difference in TWL 159 
between the satellite and the TG was more than 5m were considered invalid and excluded from the 160 
comparison. 161 
Data from both satellites within the model domain (Figure 1) was selected and the model point closest 162 
to an observation was identified for all satellite data points. Observations and model data were 163 
considered co-located if they were within 0.02° (~2km) of each other in space, and within 30 minutes 164 
of each other in time. Quality control was applied to S3 and C2 data to remove occasionally large 165 
outliers, mainly close to land. Different quality control approaches had to be used for S3 and C2. For 166 
the S3 satellite, the flags provided within the product were used. For C2, as too much noise remained 167 
in the records despite quality flags, the altimeter points that differed by more than 10m from the model 168 
were considered invalid. These were all the coastal points where land contamination can impact 169 
satellite records, or where the model considered a specific cell as land whilst the satellite recorded valid 170 
data (or vice versa). Subsequently, all data outside 2 standard deviations (SD) from the mean difference 171 
between the model and satellite were removed. This criterion was chosen because it made it possible 172 
to discard obvious outliers from the records, yet it did not affect the part of the dataset that is of interest 173 
to this study. The area close to the model boundary was also removed to avoid accounting for model 174 
computational errors or linked to the changing model resolution (1.5km to 3km grid) in this region. 175 
In revi
w
  Coastal water levels 
 
6 
This is a provisional file, not the final typeset article 
The final area considered for the satellite-model comparison spanned [20°W;10°E] in longitude and 176 
[46°N,62°N] in latitude (Figure 1).  177 
2.5 Case study experiments 178 
The satellites observations are compared to in-situ TGs selected using the numerical model to assess 179 
data in coastal areas (Table 1). The average RMSE is evaluated within 100km from the TGs. As these 180 
are close to the coast, proximity to the TG also indicates proximity to land. However, altimeter data 181 
can be close or over land without being close to the TG, therefore both the distances between the 182 
satellite and TG as well as between satellite and land are considered in the analysis. 183 
To assess the capability of the satellites and the model in reproducing the TWL during storms, the 184 
periods with and without storm events between June 2016 and September 2017 were considered 185 
separately. Several storm events named by the Met Office occurred during the period considered 186 
(Angus, 20th November 2016; Barbara, 23rd -24th December 2016; Conor, 25th -26th December 2016; 187 
Doris, 23rd February 2017; Ewan, 25th -26th February 2017; Met Office, 2017) and 3 storm Surges were 188 
recorded on Surge Watch (16th October 2016; 19th November 2016; 13th January 2017; Haigh et al., 189 
2017). The correlation, SD of the bias and RMSE error between altimetry and model data was estimated 190 
for the periods with and without storm events. One specific short-term event is kept as an example to 191 
show how the TWL is reproduced during the period between 25th February and 3rd March 2017, when 192 
storm Ewan occurred (Kendon et al., 2018). 193 
An extended model-data comparison using S3 and Amm15 was analysed over 19 months from June 194 
2016 to December 2017, focused on understanding whether there is a bias between the model and 195 
observations. Since the S3 orbit repeats every 27 days, the same tracks will be covered about once a 196 
month, which means that multiple satellite observations are available over the same area even though 197 
they are one month apart. Co-located points were found during the period from June 2016 to December 198 
2017. The bias between model and satellite was calculated along track during this period using repeated 199 
observations over the same locations.  200 
Statistics evaluating the differences between the satellites and model data were also calculated for each 201 
month from June 2016 to September 2017 for both satellites. The monthly RMSE between satellite and 202 
model were evaluated for each point along track, as well as R and SD for each month (Table 2). 203 
February 2017 is used as an example in the discussion.  204 
This set of data was also used to understand how well the sea surface can be observed when getting 205 
close to the coast in typical conditions, and how the offset compared to the model changes as a distance 206 
from the coast. For each month during the period studied with both satellites the RMSE was evaluated 207 
for all points within 10km from land and further than 50km from the coast (Table 2). To focus on the 208 
error variation as a function of distance from land, for the first 100km from the coast the mean RMSE 209 
was evaluated for each km bin, and then plotted to observe changes in the error magnitude.  210 
3. Results 211 
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A snapshot of the model hourly output with the respective satellite track covered during that time is 212 
shown in Figure 1, representing the TWL between 1100-1200 on the 28 February 2017 during storm 213 
Ewan. The TWL can vary by up to 8m within a few degrees in space. Within this one hour period the 214 
satellite crosses most of the latitudes in the domain, sampling data every second over different areas. 215 
The two satellites used in this study have different orbits illustrated by a short-term case study in Figure 216 
2. Physically adjacent tracks can indicate very different water levels. This is because each track will be 217 
recorded at a different time. Unlike C2, the S3 satellite repeats its orbit over the same coordinates every 218 
27 days, therefore considering a short-term case study allows only a single use of any given track. As 219 
an example, the period between 25 February 2017 and 03 March 2017, during which storm Ewan hit 220 
the UK, was considered.  221 
The satellites are first compared to TGs in areas where the model can resolve the TWL (Table 1 and 222 
Figures 3 and 4). The comparison between S3 and the TG shows a correlation ranging from 0.47 in 223 
Barmouth (RMSE = 1.48m) to 0.98 in Stornoway  (RMSE = 0.21m), while for C2 the correlation 224 
ranges from 0.51 in Portrush (RMSE = 0.48m ) to 0.98 in Stornoway (RMSE = 0.20m ). The lowest 225 
correlation values are found at sites where the TG is enclosed within a harbour, port or land feature 226 
that is likely to degrade the performance of the altimeter. The average correlation with the TGs is 0.85 227 
for S3, and 0.80 for C2.  228 
When considering the satellite data recorded in periods without storms as opposed to periods with 229 
storms (Figure 5 and 6), R, SD and RMSE remains similar. Between S3 and Amm15 R = 0.98 and 230 
RMSE = 0.28m in both cases. The RMSE of points within 10km from the coast shows an increase in 231 
RMSE of 0.01m during periods with storms. The SD varies between 0.16m in quiet periods to 0.17m 232 
in stormy ones. Conversely, the RMSE between C2 and the model decreases during storm periods 233 
(reducing during storms by 0.02m overall and 0.04m close to the coast) and the SD of data goes from 234 
0.16m in quiet periods to 0.15m during storm days. It must be noted that the number of sampling points 235 
during storm periods is about thirty times lower than that of non-stormy periods.  236 
In the long time-interval comparison of S3 (Figure 7), the difference between the model and satellite 237 
over the repeating track of 19 months is of -0.23m, with the largest values close to the coast. The 238 
average bias for each point over the entire period (Figure 7) shows that regions with high tidal range 239 
have better agreement between satellite and model. In the Straight of Dover, the North-East Irish Sea, 240 
and the German Bight the differences are lower than over the rest of the domain. However, when 241 
looking at each repeat period individually the tracks with the largest differences are in these same areas 242 
of high tidal range (English Channel, Irish sea, Bristol channel or German Bight).  243 
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Considering the TWL data from both satellites and the model, there is a good fit between results (Table 244 
2), but the model is underestimating the S3 observations with a mean difference of -0.23m, a RMSE 245 
of 0.28m, and a SD of 0.16m. The SD ranges between 0.15m in July 2016, August 2016, and September 246 
2016 to 0.18m in December 2016, November 2017, and December 2017. Amm15 is also 247 
underestimating the C2 observations with a mean difference of -0.15m, a RMSE of 0.22m and a SD of 248 
0.16m. This difference is more pronounced when the satellite data is close to land.   249 
The RMSE for S3 data farther than 50km from the coast (Figure 8) varies between 0.24m and 0.30m, 250 
with the highest RMSE in April 2016, May, and June 2017. When assessing data within 10km of land, 251 
the error increases showing a much clearer seasonal variation (Figure 8). In this case the RMSE varies 252 
between 0.34m in July 2016, September 2016 and July 2017, to 0.47m November 2017 for S3, with 253 
the error tending to reduce during summer months. For the comparison of the C2 satellite (Figure 9), 254 
the error of data within 10km from land varies between 0.25m in March 2017 to 0.35m in May 2017, 255 
while that of data farther than 50km from land varies between 0.20m in January, March and September 256 
2017, and 0.26m in May 2017.   257 
All points with lower agreement are coastal points (Figure 10a,b). However, it is important to note that 258 
a lot of coastal points with high correlation are present. Overall, the correlation between model and 259 
satellite was about 0.98 each month, although it must be noted that the tide dominates the signal, which 260 
is not necessarily representative of how well the satellite is reproducing the surge. Focusing on the last 261 
100km from the coast (Figure 10a,b) shows that the error tends to reduce away from land. Data within 262 
the last 3-4km are noisier. Over 19 months of S3 data, the correlation evaluated per km bins only drops 263 
from 0.98 in the centre of the basin to 0.97 at 4km from land and reaches 0.95 at 3km from land, while 264 
for the 16 months of C2 the correlation remains 0.98 up to (and including) 4km from land, lowering to 265 
0.96 at 3km.   266 
4 Discussion 267 
4.1 Comparison to TGs 268 
To analyse data in the coastal regions, which are the most challenging for altimeters (Vignudelli et al., 269 
2019), the satellite data was compared to observations from seventeen TGs. As these are close to the 270 
coast, proximity between the satellite tracks and the TG does not always translate into a good agreement 271 
because of land contamination and inaccurate corrections affecting the altimeter performance (Figures 272 
3 and 4). Results show that the satellite can correlate well with TGs, with higher error when the site is 273 
located within a harbour or close to features that may interact with the satellite footprint. In these cases, 274 
the use of the model can be helpful to complement the observations. Considering all stations, the 275 
correlation between the two kinds of observation is on average 0.85 (S3) and 0.80 (C2), with a 276 
maximum value of 0.98 in Stornoway for both satellites (RMSE of 0.21m for S3 and 0.20m for C2). 277 
Results show that the difference between TG and satellite is lower when the satellite is close enough 278 
to the gauge to observe the same area, but not close enough for the land to affect results. The lowest 279 
RMSE in our comparison is 0.20m, which is comparable to the difference between satellite and model, 280 
however in this case this difference cannot be due to an offset in time between the two measurements, 281 
but will more likely be due to the distance between the satellite observation and the TG.   282 
4.2 Long term comparison between the S3 satellite and model 283 
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Comparing S3 and Amm15, the most interesting result is the consistent -0.23m difference between 284 
satellite and model over 19 months. This nearly constant bias is understood to be induced by the 285 
differences in the reference levels used by the model and the satellite. The latter relates its mean sea 286 
level to the WGS84 ellipsoid, whereas the Amm15 TWL output are referenced to the model’s 287 
equipotential reference level. Other studies with accurate calibration of the geoid reference level and 288 
satellite correction specific to the study area showed biases of only a few centimetres when comparing 289 
both S3 and C2 data to tidal gauges (Bonnefond et al., 2019). These calibrations required in-situ field 290 
work that could not be repeated in this study.  291 
Moreover, the satellite provides extremely high frequency data at 1Hz giving practically instantaneous 292 
measurements, whilst the model outputs hourly data, therefore the closest point in time between model 293 
and satellite can be up to half an hour away. In this time, the tide in this area can change of about 0.2m, 294 
which is comparable to the S3-Amm15 differences (Figures 7 and 8). Presumably when only 295 
considering points closer in time, the difference between model and satellite due to the variation in 296 
tidal stage should reduce. There was an attempt to demonstrate this by only comparing model and 297 
satellite points closer than half an hour in time, but the number of sampling points that can be 298 
considered varies so much that it was not possible to draw conclusions from this experiment.  299 
Another point underlining the impact of the tidal stage is that the highest equinoctial spring tide in 300 
2017 occurred on the 28 April (https://www.ntslf.org/tides/hilo), when some of the highest errors 301 
appear in the results. Moreover, even though areas with high tidal range are better represented by model 302 
and satellite considering the overall mean over 19 months, these regions showed a high variability in 303 
the results when looking at individual repeat period. The areas with high tidal range showed tracks 304 
with some of the major errors in an individual month, but these were different tracks each month 305 
therefore this does not appear in the mean bias plot. This again suggests that the timing between the 306 
satellite and model might affect results. A half an hour lag in time will appear more obvious in these 307 
regions of high tidal range, even though over all these areas are better represented.  308 
4.3  Impact of storms events 309 
Altimetry measurements are increasingly used to complement observations from TGs in order to study 310 
storm surges (Antony et al., 2014) or to improve surge forecast by assimilating observations to models 311 
(De Biasio et al., 2017). Their application to the monitoring and forecasting of surges is developing 312 
and increasingly used, one of the most recent initiatives being the European Space Agency’s eSurge 313 
project ( http://www.storm-surge.info/esurge ). Satellite observations have the advantage of covering 314 
the open ocean areas which cannot be observed by tide gauges, but the poor temporal sampling means 315 
that not all storm events might be captured. For the altimeter to capture the surge there is a reliance on 316 
coincidence between the satellite track and the storm time. While this provides extremely valuable 317 
information, altimetry measurements must often be used combined with other data source to accurately 318 
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study surges and storms. In this study, the highest monthly RMSE (Figures 8 and 9) often occurs in 319 
periods hit by either storms, surges, or extreme wave events. However, looking in more details and 320 
considering the dates affected by storms or surges separately from those without them, the RMSE and 321 
correlation between both satellites and the model does not vary much (Figures 5 and 6). Note that the 322 
error scales with the magnitude of the storm is absolute, not normalized. The correlation remains of 323 
0.98 in either cases, while the RMSE only varies of up to 0.04m in regions within 10km from land with 324 
the C2 data. The S3 comparison to the model has a slightly lower RMSE (0.01m difference within 325 
10km from land) in periods without storms, while for C2 the opposite happens. In this case the RMSE 326 
decreases by 0.02m offshore and 0.04m near land during periods with storms. The SD for S3 data is 327 
0.17m with storms and 0.16m without them, while for C2 the SD of data is 0.15m with storm and 328 
0.16m without them. It must be considered that the number of sampling points during storm periods 329 
(6911 for S3, 6817 for C2) is more than thirty times lower than that of periods without storms (215058 330 
for S3, 218410 for C2), which will affect these differences. It must also be noted that some minor 331 
storms or extreme wave events that have not been considered here could have happened during that 332 
period. Looking at storms individually, some events showed a higher difference between model and 333 
satellite than throughout other periods, without there being any obvious difference to the number of 334 
passes over land. Overall, the results show that the altimetry data can capture TWL during storms as 335 
well as in quiet periods.  336 
4.4  Evaluating how the error changes as a function of the distance from the coast 337 
The coastal region has always been the most complex area for both models and satellites when 338 
evaluating sea level changes. However, as the value of both altimetry observation and accurate 339 
simulations in this region are widely recognised, increasing efforts are made to improve the quality and 340 
accessibility of such data. For altimetry, improving observations within the last 10km from land has 341 
been the focus of several coastal altimetry studies in recent years (Cipollini et al., 2009), with projects 342 
such as COASTal ALTimetry (COASTALT; http://www.coastalt.eu/) funded by the European Space 343 
Agency (ESA). In this study, when analysing data considering distance from the coast, it appears that 344 
the correlation between model and satellite tends to reduce when getting closer to land. In most cases, 345 
considering both the S3-Amm15 and the C2-Amm15 comparison, the only regions where the RMSE 346 
(averaged per kilometre bin) exceeded 0.3m was within 3-4km from land (Figure 10b). The correlation 347 
of data (Figure 10a) plotted considering the distance of each point along track from the nearest coast 348 
shows that all the major discrepancies between satellite and model data are at the coast. However, there 349 
is also a significant number of coastal points where model and satellite are in good agreement. The 350 
RMSE of data within 10km from the coast varies between 0.34m and 0.47m over S3’s 19 months 351 
comparison, and between 0.25m and 0.35m for C2’s 16 months. Moreover, other studies pointed out 352 
how noise due to land contamination can interfere with the accuracy of both S3 and C2 data in coastal 353 
areas (Vignudelli et al., 2019). These near shore regions can be better observed using high frequency 354 
data, such as 20Hz frequency (Birgiel et al., 2018), which were not used in this study. Also, altimetry 355 
products based on coastal-dedicated re-trackers, such as the Adaptive Leading Edge Subwaveform 356 
(ALES) re-tracker (Passaro et al., 2014), provide higher quality data close to the coast and their use is 357 
recommended when the focus is on the coastal zone. Nevertheless, it is increasingly recognized that 358 
standard products from SAR altimeters such as S3, can provide coastal data of comparable quality to 359 
data processed with dedicated coastal re-trackers. Indeed, results from our study show that there is a 360 
good fit between satellite and model data up to 4km from land, which is similar to the closest distance 361 
to coast that coastal re-trackers can achieve on average.  362 
4.5  Remaining uncertainties and future work 363 
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This analysis shows significant differences between the comparisons of S3-Amm15 and the C2-364 
Amm15. The variability of data is extremely consistent in both cases, with higher disagreement close 365 
to the coast and in areas of high tidal range, however it is striking that the mean bias appeared to be 366 
significantly lower in the C2-Amm15 comparison than in the S3-Amm15 case. Therefore, in the 367 
following part of the discussion we attempt to understand whether this is significant. The better 368 
agreement between C2 and the model could be due to the differences between the satellites, which 369 
have a unique reference frame offset and sea state bias. The RMSE was improved from an average of 370 
0.28m over the 19 months of S3 observations to 0.22m for the 16 months of C2 observations. 371 
Improvements are visible especially over the open ocean, but also in coastal areas (Table 2 and Figure 372 
10a,b). Within 10km from land the RMSE values reduced to an average of 0.30m when comparing the 373 
coupled model to the C2 satellite, as opposed to an average of 0.40m in the S3-Amm15 comparison. 374 
Another issue that needs to be resolved is that of the reference level difference between model and 375 
satellite. It is important to quantify what that difference is to better compare the data. Other studies 376 
mention issues related to the geoid slope affecting results (Fenoglio-Marc et al., 2015) and the use of 377 
high-resolution geoid models was shown to improve S3 validation over coastal areas (Birgiel et al., 378 
2018). To assess this in future work the difference between the model and satellite reference level will 379 
need to be resolved. As this study highlights, the absolute reference level is important in relatively 380 
short (19 months) time scales, and not relevant only when studying longer time-scale changes in mean 381 
sea level.  382 
Moreover, there are more complex coupled models available which include atmospheric models as 383 
well as oceans and waves, such as the UKC3 in development at the Met Office (Lewis et al., 2019a). 384 
It was not possible to use this tool in the present study, however the incorporation of the atmosphere 385 
could have an interesting impact over results and should be used in future studies. It would allow 386 
tracking of the storms through the atmosphere data and check the location of surges with respect to the 387 
satellite assessing in greater details the accuracy of observation during storm events. 388 
This analysis also shows that some storm events led to an increase in the RMSE compared to the 389 
average over the long time-interval, however considering all storms that were registered during the 390 
period of study, there is no significant difference between the error for data recorded over periods with 391 
or without storms. More work should be done over individual events to understand why that is.  392 
5 Conclusions 393 
Results showed that in all cases there is a good fit between satellite and model with a 0.98 mean 394 
correlation, which is also reflected in the comparison of the satellites to TGs. Between June 2016 and 395 
December 2017, the monthly mean difference between the S3 satellite and the Amm15 model is –0.23 396 
m, and -0.15m for C2 between June 2016 and September 2017. The comparison is affected by the time 397 
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lag between satellite and model data, which means there can be a phase difference in the tidal stages 398 
compared. This is especially visible over areas with high tidal range, which show the greater variability 399 
in the data error. These areas however are better represented looking at the overall bias of the repeated 400 
S3 track points between June 2016 and December 2017. Moreover, there appears to be a link between 401 
the presence of some storms and the absolute error although, overall, the RMSE and correlation 402 
between the satellites and model is similar whether storms are included or not. More work should be 403 
done to understand why specific storm events lead to higher discrepancies.  404 
The coast is the most difficult area to resolve for both satellite and model, but in this comparison, 405 
observations and simulations are consistent close to land and discrepancies increase only 3-4km from 406 
land (R equal 0.97 at 4km from the coast and 0.95 at 3km from it for S3, and R equal 0.98 up to 4km 407 
from land, lowering to 0.96 at 3km for C2). Within 10km from the coast the RMSE varies between 408 
0.34m - 0.47m over 19 months comparison (S3), and between 0.25m - 0.35m for the 16 months 409 
comparison (C2). Other studies show how the coastal region is better observed by high frequency 20Hz 410 
data, as opposed to the 1Hz considered in this study (Passaro et al., 2014; Birgiel et al., 2018), which 411 
should be used if working close to land. Both satellites and models can provide useful information 412 
complementing tide gauges observation in these regions, however, more work needs to be done to 413 
further improve the accuracy of data at the coast. The comparison to TG data in this case showed that 414 
the correlation with both satellites could be as high as 0.98, and the RMSE as low as 0.21m for S3 and 415 
0.20m for C2, however the location of TGs with respect to the track greatly influence the results. To 416 
exploit the relative advantages of both observations and simulation, previous studies have assimilated 417 
satellite altimetry data to surge models, improving the forecast of extreme events (De Biasio et al., 418 
2017).  While altimetry data alone can be used to study storms and extreme events (Antony et al., 419 
2014), we believe that in future work the best approach would be to consider observations and 420 
simulation as complementary to each other, especially when applied to the study of coastal regions 421 
where uncertainties increase in both methods.  422 
Uncertainties remain about the differences between the S3-Amm15 comparison and the C2-Amm15 423 
comparison. More work needs to be done to reduce the systematic bias between the two satellite, and 424 
between satellite and the model. A better understanding of the bias will not only improve the inter-425 
comparison but will have important implications for the use of these observations for studying extreme 426 
coastal water levels and changing mean sea-level.  427 
In conclusion, from the data analysed it appears that the discrepancies between satellite and model can 428 
increase during large storm or surges, but overall the RMSE of data recorded during storm periods is 429 
similar to that of periods without them and the altimeter can observe both equally well. The tidal range 430 
was shown to have an effect over the accuracy of the results because there can be a time lag between 431 
the simulations and the observations compared. The winter and spring seasons also had higher error 432 
for S3, probably in relation to a higher number of storms in these periods. The discrepancies between 433 
data also increase near the coast, however results are consistent up to 4km from land, which 434 
demonstrate the improvement in satellite altimetry’s near shore records, as well as the importance of 435 
numerical modelling as a tool to resolve the coastal regions along with other observational records. In 436 
future work it will be important to better understand the sources of bias between satellites and models 437 
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with respect to their differences in reference levels. It will also be interesting to investigate the impact 438 
of storm surges and tidal stage over the accuracy of both instruments, which could lead to important 439 
developments. Overall, from the data used in this study, the satellite altimetry data and the model 440 
appeared to be extremely consistent with each other, even in most of the coastal areas. Through a 441 
synthesis of these independent datasets, we have great confidence in the representation of TWL. 442 
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FIGURES AND TABELS  541 
Figure 1: Snapshot of Amm15 coupled model domain showing TWL at 1100h on 28 February 2017 542 
during Storm Ewan. The respective Sentinel-3 satellite track over the domain in that hour is also 543 
shown. The locations of the tide gauges used for comparisons with the satellite data are marked on 544 
the plot with green dots.  545 
Figure 2a: TWL difference between Amm15 and S3 for the 7-day period between  25 February 2017 546 
and  03 March 2017 during Storm Ewan.  547 
Figure 2b: TWL difference between Amm15 and C2 for the 7-day period between 25 February 2017 548 
and  03 March 2017 during Storm Ewan.  549 
Figure 3:  Comparison of S3 with TG at Stornoway, which had the lowest error of all stations 550 
considered. The colour shows the distance of the Satellite from the TG (blue is at the TG location; 551 
yellow is up to 100km away from the TG). The marker size indicates the distance of the satellite from 552 
the coast (The smallest markers are within 1km of the coast, the widest markers are up to 50km from 553 
the coast).  Note that the distance of the satellite from the TG has a smaller impact than the distance to 554 
the coast over the results.  555 
Figure 4:  Comparison of C2 with TG at Stornoway, which had the lowest error of all stations 556 
considered. The colour shows the distance of the Satellite from the TG (blue is at the TG location; 557 
yellow is up to 100km away from the TG). The marker size indicates the distance of the satellite from 558 
the coast (The smallest markers are within 1km of the coast, the widest markers are up to 50km from 559 
the coast).  Note that the distance of the satellite from the TG has a smaller impact than the distance to 560 
the coast over the results. 561 
Figure 5: Correlation between S3 and Amm15 during period with and without storms. The plot also 562 
shows the statistics calculated from values closer than 10km from the coast (near shore) or further 563 
than 50km from the coast (offshore).  564 
Figure 6: Correlation between S3 and Amm15 during period with and without storms. The plot also 565 
shows the statistics calculated from values closer than 10km from the coast (near shore) or further than 566 
50km from the coast (offshore).  567 
Figure 7: Mean bias between model and satellite observations along repeating tracks between June 568 
2016 and December 2017.  569 
Figure 8: Statistics for the Amm15-S3 comparison. Mean monthly results from June 2016 to 570 
December 2017 (for Amm15-S3). 571 
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Figure 9: Statistics for the Amm15-C23 comparison. Mean monthly results from June 2016 to 572 
September 2017 (for Amm15-C2). 573 
Figure 10a: RMSE of the TWL difference between S3 and Amm15 as function of the distance from 574 
the coast. This example is from February 2017.  575 
Figure 10b: Correlation between satellite and model data with colour indicating distance to the coast 576 
from (blue) all data further than 100km from the coast to (red) data at the coast. The RMSE in the right 577 
plot was averaged per kilometre bins.  578 
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ftp://science-pds.cryosat.esa.int/  
https://earth.esa.int/documents 
https://www.bodc.ac.uk/data/hosted_data_systems/sea_level/uk_tide_gauge_network/ 
 580 
 581 
Table 1: comparison of model and satellites to tide gauges. Numbers in bold show the highest 582 
correlation and lowest RMSE for the model and satellites against the TGs, or the mean in the 583 
bottom column.  584 
TG station 
TG vs 
Amm15  TG vs S3 TG vs C2 NOTES 
 R 
RMSE  
(m) R 
RMSE  
(m) R 
RMSE 
 (m)  
Aberdeen  1.00 0.18 0.87 0.55 0.83 0.60 TG in the quay 
Bangor (IRA) 0.99 0.15 0.84 0.60 0.73 0.90 TG inside the marina 
Barmouth 0.99 0.21 0.47 1.48 0.57 1.42 TG near bridge, in an estuary 
Cromer 0.99 0.26 0.91 0.52 0.85 0.66  
Devonport 1.00 0.16 0.97 0.42 0.97 0.35  
Leith 0.99 0.25 0.87 0.91 0.66 1.21 TG inside docks 
Newhaven 0.99 0.30 0.98 0.40 0.93 0.75  
Newlyn 0.99 0.25 0.98 0.33 0.97 0.43  
Northshields 1.00 0.20 0.95 0.44 0.96 0.36  
Port Erin 0.99 0.25 0.98 0.37 0.97 0.31  
PortPatrick 0.99 0.15 0.96 0.40 0.83 0.69  
Portrush 0.97 0.15 0.73 0.50 0.51 0.48 TG near harbour/pier, in an inlet 
Portsmouth 0.98 0.25 0.62 0.94 0.55 0.95 TG in the harbour 
Stornoway 0.99 0.22 0.98 0.21 0.98 0.20  
Tobermory 0.99 0.18 0.87 0.48 0.75 0.82 
satellite track far from the TG (about 
60km or more) and really close to coast 
Weymouth 0.97 0.16 0.51 0.97 0.65 0.86 TG in the quay 
Whitby 0.99 0.23 0.90 0.62 0.93 0.52 TG in river estuary  
Mean All 0.99 0.21 0.85 0.60 0.80 0.68  
 585 
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 587 
 Table 2: Amm15 model compared to Sentinel-3A from June 2016 to December 2017, and 588 
Cryosat-2 from June 2016 to September 2017. The numbers in bold show the mean of all 589 
columns. The columns labelled ‘mean RMSE (m) >50km’ and ‘mean RMSE (m) <10 km’ show 590 
the root mean square error in meters, for all points farther than 50km from the coast, and closer 591 
than 10km from the coast respectively.   592 
period 
mean 
difference (m) 
mean RMSE 
(m) 
mean RMSE 
(m) >50 km 
mean RMSE 
(m) <10 km R Std (m)  
S3 C2 S3 C2 S3 C2 S3 C2 S3 C2 S3 C2 
Jun-16 -0.24 -0.15 0.29 0.22 0.29 0.22 0.40 0.33 0.98 0.98 0.16 0.16 
Jul-16 -0.25 -0.18 0.29 0.24 0.29 0.24 0.34 0.30 0.98 0.98 0.15 0.15 
Aug-16 -0.24 -0.17 0.28 0.23 0.28 0.23 0.36 0.32 0.98 0.98 0.15 0.15 
Sep-16 -0.23 -0.15 0.28 0.22 0.28 0.22 0.34 0.31 0.98 0.98 0.16 0.15 
Oct-16 -0.22 -0.15 0.28 0.22 0.27 0.22 0.37 0.31 0.98 0.98 0.16 0.16 
Nov-16 -0.21 -0.13 0.27 0.22 0.26 0.22 0.39 0.32 0.98 0.97 0.16 0.17 
Dec-16 -0.23 -0.15 0.29 0.22 0.29 0.22 0.43 0.30 0.98 0.98 0.18 0.16 
Jan-17 -0.22 -0.13 0.27 0.20 0.27 0.20 0.41 0.27 0.98 0.98 0.17 0.16 
Feb-17 -0.23 -0.13 0.28 0.20 0.28 0.21 0.43 0.28 0.98 0.98 0.17 0.15 
Mar-17 -0.23 -0.13 0.29 0.20 0.28 0.20 0.46 0.25 0.98 0.99 0.17 0.15 
Apr-17 -0.24 -0.17 0.30 0.23 0.29 0.24 0.43 0.30 0.98 0.98 0.17 0.16 
May-17 -0.25 -0.19 0.30 0.26 0.30 0.26 0.41 0.35 0.98 0.98 0.17 0.17 
Jun-17 -0.24 -0.17 0.30 0.24 0.30 0.24 0.40 0.31 0.98 0.98 0.17 0.16 
Jul-17 -0.23 -0.15 0.29 0.23 0.29 0.23 0.34 0.30 0.98 0.98 0.17 0.17 
Aug-17 -0.23 -0.14 0.28 0.21 0.28 0.21 0.40 0.28 0.98 0.98 0.16 0.15 
Sep-17 -0.22 -0.13 0.27 0.20 0.27 0.20 0.37 0.31 0.98 0.98 0.15 0.15 
Oct-17 -0.19 
 
0.25 
 
0.24 
 
0.40 
 
0.98 
 
0.16  
Nov-17 -0.19 0.26 0.25 0.47 0.98 0.18  
Dec-17 -0.20 0.27 0.26 0.43 0.98 0.18  
Mean 
All -0.23 -0.15 0.28 0.22 0.28 0.22 0.40 0.30 0.98 0.98 0.16 0.16 
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